We evaluate the economic feasibility of a fast pyrolysis facility producing biobased commodity chemicals based on various manifestations of Integrated Catalytic Processing (ICP). Five scenarios are analyzed: fluid catalytic cracking (FCC) of whole pyrolysis oil (WPO); one-stage hydrotreating and FCC of WPO; FCC of the aqueous phase of pyrolysis oil (APPO); one-stage hydrotreating and FCC of the APPO; and two-stage hydrotreating followed by FCC of the APPO.
Introduction

1
Concerns about the environment, dependency on foreign petroleum production, and persistent 2 high petroleum prices have spurred research into technologies for the production of 3 transportation fuels from non-food biomass. This research has focused on carbohydrate 4 feedstocks to produce ethanol, which can legally replace 10-15% of the gasoline used in internal 5 combustion engines in the U.S.; 1 higher blends may only be used in modified vehicles as they 6 can damage the engine and fuel system of conventional vehicles. Recent research has focused on 7 drop-in biofuels, so-called for their ability to fully replace petroleum-based transportation fuels 8 in the existing transportation fuel infrastructure. While drop-in biofuels can be produced via a 9 number of pathways and from a variety of feedstocks, fast pyrolysis has attracted attention due to 10 prospects for distributed deployment of biomass processing systems, (2) its attractive economics, (3) 11 and the ability to return soil nutrients as part of the fuel production cycle.
(4) Fast pyrolysis results
12
in three products: solid (char also known as biochar), gas (syngas also known as non-13 condensable gas), and liquid (pyrolysis oil also known as bio-oil). Pyrolysis oil is produced from 14 condensable vapors and liquid aerosols released during pyrolysis. Commercial applications at 15 present include the production of bioasphalt (Avello Bioenergy) and transportation fuels (KiOR).
16
While char currently has little market value and syngas is used to generate facility process heat, 17 pyrolysis oil can be refined into biobased hydrocarbons such as gasoline and diesel at a cost 18 range of $1.74-$3.09/gallon. (5, 6) The profitability of a fast pyrolysis facility depends on its ability 19 to utilize pyrolysis oil as a feedstock for high-value products, such as drop-in biofuels.
20
Recent research has found that pyrolysis oil can serve as a feedstock for many of the products of 21 the petrochemical industry, such as benzene, toluene, and xylene (BTX). (8) (9) (10) The petrochemical 22 industry was responsible for only 2.5% of U.S. petroleum consumption (11) and 0.05% of U.S.
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greenhouse gas emissions in 2008.
(12) Nevertheless, prices of many petrochemical products are 1 higher than that of gasoline, (13, 14) making production of biobased chemicals an attractive use of 2 pyrolysis oil.
3
Pyrolysis oil has several applications including power generation (15) (16) (17) and production of fuels, (5-4 7, 18-21) hydrogen, (22) (23) (24) commodity chemicals, (9, 10, (25) (26) (27) (28) (29) and polymers. (6, 30) Co-product char has 5 received international attention (31) (32) (33) due to its CO 2 sequestration properties. (7, (34) (35) (36) Char can also 6 be used to generate power either within the pyrolysis facility (6) or in a dedicated power plant.
(17)
7
The gaseous product, syngas, is most commonly used to generate process heat within the 8 pyrolysis facility as its high CO content makes it unsuitable for many commercial applications.
9
Production of drop-in biofuels from pyrolysis oil is attractive due to its use of inexpensive and 10 plentiful lignocellulosic biomass as feedstock (6, 26) and the low cost of the resulting fuels relative 11 to other advanced biofuel pathways. (37) Pyrolysis oil also has disadvantages that have impeded its 12 substitution for petroleum. Raw pyrolysis oil is viscous, corrosive, unstable, and highly 13 oxygenated, (20, (38) (39) (40) making it difficult to transport, store, and refine. (hydroprocessing, which encompasses both hydrotreating and hydrocracking) is usually involved 1 in at least one step. Often the first step is hydrotreating, which uses hydrogen at relatively modest 2 temperatures in the presence of a catalyst to remove heteronuclear atoms from the pyrolysis oil 3 molecules, especially oxygen but also nitrogen, sulfur, and chlorine. (20) The removal of 4 carboxylic functionality reduces the corrosiveness of the pyrolysis oil as well as the viscosity.
5
Pyrolysis oil includes oligomers derived from both carbohydrate and lignin, some of which 6 remains even after deoxygenation of the oil. Generally, these "heavy ends" must be 
Process Model Description
4
The fast pyrolysis system employs the following steps to convert biomass feedstock to pyrolysis 5 oil: preprocessing, fast pyrolysis, solids removal, pyrolysis oil recovery and heat generation (see 6 Figure 1 ). During the preprocessing step the biomass is dried to 5% moisture content, chopped, 7 and ground to particles 3mm in diameter. Then the preprocessed biomass is sent to the fast 8 pyrolysis step where the biomass is converted into pyrolysis oil. The pyrolysis reactor consists of 9 a fluidized bed reactor operating at approximate 500 o C and ambient pressure in an oxygen-free 10 environment. Table 1 and Table 2 detail the properties of the mixed wood feedstock and the 
16
The pyrolysis oil contains solid particles such as ash and char, which must be removed before Table   6 3). Hydrogen is purchased from external sources, which contributes to relatively high carbon advanced scenarios, the WIBO might be expected to be converted into higher value products like 20 asphalt binders, but these have yet to be commercially developed. (10) and Vispute.
(50)
9 Table 4 provides the material flow and consumption rates of the fast pyrolysis facility and Table   10 5 provides the product yields from the fast pyrolysis of mixed wood feedstock. Vispute et al. (10) are adopted as the input-output 2 data (see Table 7 for prices and Timmerhaus factors are employed to estimate the total project cost (see Table 10 ) (51). A 9 modified version of a discounted cash flow rate of return (DCFROR) spreadsheet developed by 10 NREL is employed to estimate the IRR over a 20 year period.
11
While commodity chemicals are the facility's principle products, the fast pyrolysis pathway also 12 produces two lower value co-products, char and syngas. Char is capable of being combusted as a additional upgrading adds an additional 5-10% cost to capital expenditures.
10
The additional capital, catalyst, and hydrogen costs similarly influence operating costs. Scenario FCC with hydrotreating has a much greater effect on chemical yields from APPO than from 7 WPO (Scenarios 2 and 4). A summary of the chemicals yields in this study are presented in 8   Table 11 . The chemicals yields from APPO are higher than those from WPO due to the 
13
It should be noted that Vispute et al. (10) in calculating the economic potential of the ICP pathway 14 assumed a pyrolysis oil yield of 70 wt% when in fact the actual yield from the NREL pyrolyzer 15 that produced the pyrolysis oil for their experimental study was only 52 wt% (47). Recognizing 16 that oil yields strongly influence the economic viability of chemical production, we employ the 17 actual 52 wt% yield for the baseline case while also examining pyrolysis oil yields of 60 wt%, 65
18 wt%, and 70 wt%, which are within the realm of possible yields.
19
As illustrated in The results of this analysis are less optimistic about the prospects for commodity chemicals from Vispute et al., (10) we find much lower average annual net incomes, as illustrated in 
10
The regression analysis presented in Figure 7 allows us to calculate the price of petroleum that Wright et al., (57) and production of commodity chemicals via ICP. An analysis of monthly 1 petrochemical and transportation fuel prices since 1993 (13, 14, 58) Figure 8 ).
5
A facility capable of switching between upgrading pathways and subsequent products will be 6 able to ensure that it is always employing the pathway with the greater market value output, 7 regardless of fluctuations in the value of commodity chemicals versus transportation fuels.
8
Whereas the fast pyrolysis pathway is unable to generate sufficient IRRs (>25%) for either 9 transportation fuel production (3) or commodity chemical production based on current market hydrotreating and FCC to the APPO. While facility IRR is as high as 14% when a higher oil 11 yield is assumed (70 wt%), this is still unlikely to be sufficient to merit capital investment (52) .
12
Given that the pyrolysis reactor that generated the sample used by Vispute et al. (10) of the price of natural gas. 
